Aims/hypothesis The primary aim of this completed multicentre randomised, parallel, double-blind placebo-controlled study was to elucidate the mechanisms of glucose-lowering with colesevelam and secondarily to investigate its effects on lipid metabolism (hepatic de novo lipogenesis, cholesterol and bile acid synthesis). Methods Participants with type 2 diabetes (HbA 1c 6.7-10.0% [50-86 mmol/mol], fasting glucose <16.7 mmol/l, fasting triacylglycerols <3.9 mmol/l and LDL-cholesterol >1.55 mmol/l) treated with diet and exercise, sulfonylurea, metformin or a combination thereof, were randomised by a central coordinator to either 3.75 g/day colesevelam (n=30) or placebo (n=30) for 12 weeks at three clinical sites in the USA. The primary measure was the change from baseline in glucose kinetics with colesevelam compared to placebo treatment. Fasting and postprandial glucose, lipid and bile acid pathways were measured at baseline and post-treatment using stable isotope techniques. Plasma glucose, insulin, total glucagon-like peptide-1 (GLP-1), total glucose-dependent insulinotropic polypeptide (GIP), glucagon and fibroblast growth factor-19 (FGF-19) concentrations were measured during the fasting state and following a meal tolerance test. Data was collected by people blinded to treatment. Colesevelam increased cholesterol and bile acid synthesis and decreased FGF-19 concentrations. However, no effect was seen on fractional hepatic de novo lipogenesis. Conclusions/interpretation Colesevelam, a non-absorbed bile acid sequestrant, increased circulating incretins and improved tissue glucose metabolism in both the fasting and postprandial states in a manner different from other approved oral agents.
Introduction
Bile acid sequestrants (BAS) such as colesevelam, colestyramine, colestipol and colestimide are effective therapies for lowering LDL-cholesterol, and work by interrupting the enterohepatic circulation of bile acids [1] . These agents form non-absorbable complexes with bile acids, which inhibits their reabsorption in the ileum [2] and increases faecal excretion. In response, the nuclear receptor farnesoid X receptor (FXR)-mediated inhibition of cholesterol 7α-hydroxylase is reduced in the liver and bile acid synthesis from cholesterol is upregulated [3] and the expression of LDL receptors is upregulated and the clearance of LDLcholesterol from the blood is increased. BAS have also been shown to improve glycaemic control in individuals with type 2 diabetes mellitus [4] .
The glucose-lowering mechanism(s) of BAS are not well understood. It has been hypothesised that bile acids, via activation of FXR and the G-protein-coupled bile acid receptor (TGR5), have roles in glucose and energy homeostasis [5] and that disruption of the normal bile acid flux may lead to improved glycaemic control. BAS might modulate FXRdependent signalling pathways that regulate hepatic gluconeogenesis [6] and peripheral insulin sensitivity [7, 8] . Alternatively, BAS might promote secretion of glucagonlike peptide 1 (GLP-1) [9] and increase energy expenditure [10] via TGR5 activation. There are no data supporting these hypotheses in humans and despite a consistent glucose lowering effect, existing data suggest no change in insulin sensitivity [11] with BAS, no association between glycaemic control and bile acid metabolism [12] and no association between bile acids and energy expenditure in humans [13] . Accordingly, the primary objective of this study was to elucidate the mechanisms of glucose lowering by colesevelam through in-depth examination of glucose metabolic pathways in people with type 2 diabetes. We used stable (non-radioactive) isotopic tracers to measure the effects of colesevelam on endogenous glucose production (EGP), gluconeogenesis (GNG), glycogenolysis, fasting plasma glucose clearance, appearance of oral glucose (glucose absorption), total glucose disposal and glycolytic disposal of oral glucose. The secondary objectives were to measure the effects of colesevelam on hepatic de novo lipogenesis (DNL), de novo cholesterol synthesis (DNCS), de novo bile acid synthesis, GLP-1 and glucose-dependent insulinotropic polypeptide (GIP) concentrations.
Methods
Participants Sixty individuals ( Fig. 1 ) with type 2 diabetes treated with diet and exercise, metformin, a sulfonylurea, or a combination of these treatments were enrolled. Exclusion criteria included fasting plasma glucose >16.7 mmol/l, fasting serum triacylglycerols ≥ 3.9 mmol/l, LDLcholesterol <1.55 mmol/l, pregnancy or a history of liver, biliary or intestinal diseases. Participants treated with insulin or a lipid-lowering agent other than a statin at any time or treated with a thiazolidinedione less than 6 months prior to screening were excluded. All pre-existing treatments were stable for a minimum of 3 months prior to enrolment. Participants were studied at three sites: the Diabetes and Glandular Disease Research Center (DGD, San Antonio, TX, USA), Clinical Pharmacology of Miami (Miami, FL, USA) and Diablo Clinical Research (Walnut Creek, CA, USA). All participants gave written informed consent. The study was approved for all sites by the Biomedical Research Institute of America Institutional Review Board (San Diego, CA, USA).
Drug administration and randomisation This was a randomised double-blind placebo-controlled clinical trial. Participants were studied at baseline and then randomised to colesevelam or placebo for 12 weeks. Block randomisation was used to achieve a balance of sexes between groups. A central randomisation list was created by a statistician and kept by a central coordinator who provided the group allocation for each participant to an investigator at each site. All investigators involved in the randomisation process were not otherwise involved with the study. Participants received six tablets a day of either colesevelam (3.75 g/day) or matched placebo for 12 weeks: three tablets with lunch and three tablets with dinner. Study drug compliance was assessed at baseline and every 4 weeks thereafter by pill counts. During the post-treatment visit, no study medication was administered with the breakfast test meals while three tablets of study medication were administered with the lunch test meal.
Stable-isotope studies Stable-isotope methods were used to assess glucose, lipid (DNL and DNCS) and bile acid metabolism in the fasting state and during meal tolerance tests (Fig. 2) [15] and to measure whole-body glycolytic disposal of the glucose load [16] . Participants consumed the egg and cheese within the first 5 min followed by the glucose drink in the next 5 min. A standardised lunch meal (3, [17] . VLDL were isolated from plasma by sequential ultracentrifugation; total lipids were extracted from VLDL particles with chloroform:methanol (2:1); and VLDL-triacylglycerols were then isolated via thin layer chromatography [18] . VLDL-triacylglycerol fatty acids were then trans-esterified to fatty acid-methyl esters for GC/MS [19] . Plasma total bile acids collected at 17:30 hours (4 h after the lunch test meal) were deconjugated with choloylglycine hydrolase (1 U/μl) and converted to the pentafluoro-benzyl ester trimethylsilyl ether derivative for GC/MS analysis [20] . Both the primary bile acids, CA and CDCA, were analysed. Cholesterol was extracted from plasma with 95% ethanol-acetone and non-esterified cholesterol was converted to its acetyl derivative for GC/MS analysis [21] .
Calculations In the steady or fasting state, EGP was calculated as follows:
The fraction of plasma glucose that was synthesised by GNG was calculated by mass isotopomer distribution analysis (MIDA) [22] and absolute GNG was calculated as EGP×fractional GNG. The absolute contribution to plasma glucose from glycogen (glycogenolysis) was calculated as EGP-absolute GNG. Fasting plasma glucose clearance was calculated as the rate of disappearance of glucose (identical to R a glucose under steady-state conditions) divided by the fasting plasma glucose concentration [23] . HOMA-insulin resistance (HOMA-IR) and HOMA-beta cell function (HOMA-B) were calculated as previously described [24] . Glucose fluxes during the mixed breakfast meal were measured using a dual tracer method [25] and calculated using non-steady state equations of Steele et al. [25] and a total distribution volume of 160 ml/kg. Fractional DNL, DNCS, CA and CDCA synthesis were calculated using MIDA [26, 27] . Fractional DNC represents the fraction of newly synthesised nonesterified cholesterol in plasma. Fractional CA and CDCA represent the relative amounts of CA and CDCA made from newly synthesised cholesterol. Fractional DNL represents the fraction of palmitate in VLDLtriacylglycerol that was newly synthesised during the period of the [1-13 C 1 ]acetate infusion. Glycolytic disposal of oral glucose was measured 5 h after the administration of the breakfast meal and calculated as the total amount of 2 H 2 O released from 15 g of [6,6-2 H 2 ]glucose administered with the breakfast test meal [16] . Total AUC values were calculated by the trapezoid method using all results measured between 0 and 300 min (fasting concentrations included).
Statistical analysis Baseline differences between the two groups were evaluated using independent groups t tests. Treatment differences and within-group effects were evaluated using mixed-effects regression models. These models had fixed effects of treatment, visit and treatment by visit interaction and a random subject effect. Variables with markedly non-normal residual distributions were reanalysed using estimates from 2,000 bootstrap samples. Baseline values of fasting plasma GLP-1 were added to the model to correct for GLP-1 differences at baseline. Spearman correlations were used to look at associations between variables. Data are means±SE, except for treatment differences which are expressed as least squares means±SE or unless stated otherwise. p values <0.05 were considered statistically significant.
Results

Participant characteristics
One participant withdrew because of increased fasting triacylglycerol (>5.65 mmol/l) in the colesevelam group and four withdrew voluntarily. Data from one individual was excluded because of noncompliance with the protocol (Fig. 2) . The baseline characteristics were not different between groups, with the exception of fasting total GLP-1 which was higher in the placebo group (Table 1) . Usage of glucose-lowering medications was similar between groups.
Fasting metabolic variables After 12 weeks of treatment, there was a reduction in HbA 1c and fasting plasma glucose concentrations with colesevelam and a nonsignificant increase in the placebo group resulting in treatment differences of −0.6±0.2% (−7±2 mmol/mol; p< 0.01) for HbA 1c (Fig. 3a) and −1.28±0.61 mmol/l (p<0.05) for fasting glucose (Fig. 3b) . Of interest, colesevelam increased fasting plasma total GLP-1 concentrations compared with placebo, resulting in a treatment difference of 10±4 pmol/l (p<0.05, Fig. 3c ). The treatment difference remained significant after correcting for the baseline difference in fasting total GLP-1 levels by covariance analysis (9.2±2.6 pmol/l, p<0.001). No treatment differences were seen for fasting insulin, GIP and glucagon concentrations or glucagon to insulin ratio (data not shown). Compared with placebo, colesevelam treatment improved beta cell function (HOMA-B treatment difference: +18%±4, p<0.01, Fig. 3d ) but not insulin sensitivity (HOMA-IR, Fig. 3e ). Within the colesevelam group fasting LDLcholesterol decreased (Fig. 3f ) and fasting triacylglycerol increased (Fig. 3g ) but these changes were not significant when compared to changes in the placebo group. No treatment effects were seen for fasting total cholesterol, HDL-cholesterol, and NEFA concentrations (data not shown). Postprandial metabolic variables The effects of treatment on postprandial glycaemic variables were evaluated during a standardised breakfast test meal (Table 2) . Relative to placebo, colesevelam treatment reduced glucose AUC over 5 h although when glucose AUC was adjusted for fasting concentrations it did not differ between the groups. Colesevelam increased total GLP-1 and GIP AUCs and the active GLP-1 AUC showed a trend to increase. No treatment differences were found for postprandial insulin, glucagon or glucagon:insulin AUCs.
Fasting and postprandial glucose kinetics Glucose kinetic variables measured at baseline did not differ between the two groups (Table 1) . Colesevelam treatment significantly increased fasting plasma glucose clearance (Fig. 4a) , but did not affect EGP, glycogenolysis or GNG in the fasting state ( Fig. 4b-d) when compared with placebo. Despite the lack of a significant treatment effect, fasting EGP significantly increased in the untreated group (Fig. 4b) because of an increase in glycogenolysis (Fig. 4c) ; this increase was not seen in the colesevelam group. Following a test meal, colesevelam treatment had no effect on the appearance rate (absorption) of meal glucose, EGP, Ra total glucose or total glucose disposal rate (R d ; Fig. 5a -h) but did increase glycolytic disposal of the oral glucose load (Fig. 6) , implying an effect on the partitioning of the meal between glycolysis and glycogen storage or on entry into tissues from the extravascular space, compared with placebo.
Fibroblast growth factor-19 (FGF-19)
At baseline, fasting FGF-19 concentrations were 126±20 pg/ml for the placebo group and 175±24 pg/ml for the colesevelam group (no significant difference between groups) and 2 h after the administration of the lunch meal increased to 269±30 pg/ml in the placebo group (p<0.0001 vs fasting) and to 419± 63 pg/ml in the colesevelam group (p<0.0001 vs fasting). Fasting and postprandial FGF-19 concentrations did not change after placebo treatment while colesevelam treatment reduced both, resulting in significant placebo-corrected reductions with colesevelam treatment for both fasting (−119±33 pg/ml, p<0.001) and postprandial (−251±67 pg/ml, p<0.001) FGF-19 concentrations.
De novo lipogenesis, cholesterol and bile acid kinetics Baseline fractional contribution of DNL to fasting VLDLtriacylglycerol was 6.2±0.4% for the placebo group and 6.4±0.5% for the colesevelam group (not significant).
Fractional DNL increased steadily in the postprandial state after an approximately 2 h delay (Fig. 7a,b) . This delay presumably represents the time required for newly synthesised fatty acids to be assembled into VLDL and released into the circulation. Fasting and postprandial fractional DNL increased in the placebo group (Fig. 7a ) and did not change after colesevelam treatment (Fig. 7b) , although the treatment effect did not reach statistical significance. Baseline DNCS was 4-6% in both groups (Fig. 7c,d ). There was an approximately twofold increase in fractional DNCS with colesevelam ( Fig. 7d ) and no change with placebo treatment (Fig. 7c) , resulting in a treatment difference of 3.7±0.2% (p<0.0001, mean difference of all time points). At baseline, the contribution of newly synthesised cholesterol to CA (2.5±0.7% for placebo and 2.5±0.6% for colesevelam) and to CDCA (2.5±0.5% for placebo and 1.6±0.3% for colesevelam) were not different between groups. Colesevelam treatment increased the contribution of de novo synthesised cholesterol to both CA and CDCA while no change was seen with placebo treatment (Fig. 7e,f) . The placebo-adjusted increase in CDCA synthesis from new cholesterol was significantly higher than the increase in CA synthesis from new cholesterol (p<0.05) after colesevelam treatment.
Correlations At baseline, the fraction of bile acids synthesised from new cholesterol was significantly correlated with fasting FGF-19 (r=−0.32, p<0.05 for CDCA) and postprandial FGF-19 concentrations (r=−0.31, p<0.05 for CA and r=−0.39, p<0.01 for CDCA). Within the colesevelam group, changes in fasting plasma glucose clearance and glycolytic disposal of oral glucose were not correlated with changes in fractional DNCS, or the fractional contribution of DNCS to bile acids.
Discussion
This study was undertaken to explore the mechanisms of action for the glucose-lowering effect of colesevelam. As previously shown, this study confirmed that colesevelam lowers HbA 1c levels and fasting and postprandial glucose concentrations in participants with type 2 diabetes [28] [29] [30] . Using in vivo stable isotope-mass spectrometric techniques, we found that the improvement in glycaemic control with colesevelam was associated with an increase in plasma glucose clearance in the fasting state and by an increase in the glycolytic disposal of oral glucose in the postprandial state. Plasma glucose clearance reflects the ability of wholebody tissues to take up glucose in the fasting state, and could involve the liver or peripheral tissues. Plasma glucose clearance continued to be improved in the postprandial state (R d unchanged but at lower glucose concentrations with colesevelam) and this was reflected in the improvement seen in glycolytic disposal of oral glucose with colesevelam treatment. Glycolytic disposal of oral glucose occurs primarily in peripheral tissues and could reflect improved insulin sensitivity or insulin secretion. Previous investigations [11] , using hyperinsulinaemic-euglycaemic glucose clamps, have shown that there is no effect of colesevelam on whole-body insulin sensitivity. Accordingly, the increase in the glycolytic disposal of oral glucose with colesevelam is most likely a result of improved beta cell function rather than a direct insulin-sensitising effect on peripheral tissues. Although plasma insulin concentrations did not change, we did find that colesevelam treatment resulted in a more robust beta cell response (as assessed by HOMA-β) for the degree of insulin resistance present, consistent with a role of improved beta cell function. The improvement in glucose clearance and beta cell response with colesevelam might be the result of altered secretion of the incretin hormones GLP-1 and GIP, which improve insulin secretion in the fasting [31, 33] and postprandial [32, 33] states. In support of this hypothesis, animal studies have shown an improvement in beta cell response [34, 35] and increased GLP-1 concentrations [34, 36] with treatment by BAS. We show here for the first time in humans that colesevelam treatment increases plasma GLP-1 and GIP concentrations. An increase in GLP-1 concentrations (2 h postprandial) in humans had previously been reported with colestimide [37] . Bile acids activate the cell surface Gprotein-coupled receptor TGR5, which is expressed in enteroendocrine L cells and stimulates the secretion of GLP-1 [9] . It is not clear how BAS increase incretin secretion. It is possible that changes in the composition of the bile-acid pool or a change to a more hydrophilic bile acid pool with colesevelam [12] are involved in its incretinincreasing effect.
In addition to possible effects of colesevelam on peripheral tissues and beta cell response, colesevelam might also improve glucose control through an improvement in hepatic glucose metabolism. We observed a significant increase in fasting EGP in untreated participants through an increase in fasting glycogenolysis; this was not observed with colesevelam treatment. Weight did not change and participants were instructed to maintain their habitual diet and exercise regimens during the study, suggesting that the increase in EGP seen in the placebo group represents the natural disease progression. In addition, increased fasting glucose clearance with colesevelam treatment could reflect direct uptake of glucose by the liver for storage in glycogen (the direct pathway [38, 39] ), which in turn could account for the apparent stabilisation of hepatic glycogenolysis. The significance of this stabilising effect of colesevelam on EGP and glycogenolysis must be interpreted with caution because the treatment effect did not reach statistical significance. Nonetheless, evidence from the literature suggests that the increased GLP-1 levels reported with colesevelam treatment could mediate these effects. In type 2 diabetes, liraglutide, a long-acting GLP-1 derivative, decreased fasting EGP as a result of reduced glycogenolysis [40] , and increasing GLP-1 concentrations by dipeptidyl peptidase-4 inhibition with vildagliptin increased hepatic glucose disposal [41] . In healthy people, the infusion of GLP-1 decreased fasting EGP and tended to increase plasma glucose clearance independent of changes in insulin and glucagon concentrations [42] .
The lack of effect of colesevelam on GNG is interesting as activation of FXR has been shown to reduce expression of genes involved in gluconeogenesis in mice [43] . FXR has also been indicated to delay plasma appearance of orally administered glucose [44] , but we did not find that colesevelam affects the R a of oral glucose (absorption). We did not administer colesevelam with the test meal and cannot rule out that acute depletion of the bile acid pool with colesevelam may alter GNG and glucose absorption, however. In addition, although FGF-19 treatment has been shown to improve glucose control, the decrease in FGF-19 concentrations with BAS in this study did not result in increases in glucose concentrations.
These findings may indicate that changes in glucose metabolism with long-term colesevelam treatment are mediated through TGR5 activation and its subsequent increase in GLP-1 secretion rather than by effects on FXR activity. In support of this model, the glucose-lowering effects of colestyramine in Zucker diabetic fatty rats were not affected by the addition of an FXR agonist [34] . The effects of colesevelam on hepatic glucose metabolism without effects on GNG give it a different profile of metabolic actions than metformin [45] or other oral hypoglycaemic agents.
In addition to effects of colesevelam on glycaemic control, we also observed the well-known effects of BAS on bile acid and cholesterol synthesis [46] . Colesevelam treatment doubled the fractional contribution of endogenous synthesis to the non-esterified cholesterol pool. Colesevelam increased the fractional synthesis of CDCA and CA from newly synthesised cholesterol, although the main source for CA and CDCA remained pre-formed cholesterol. While it has been shown by others [12, 47] that increases in total BA synthesis for CA are greater than for CDCA, new cholesterol contributed more to the fractional synthesis of CDCA than to CA after colesevelam treatment. This may suggest that individual bile acids respond differently to BAS but also that the percentage contribution of newly synthesised cholesterol to CA vs CDCA may not depend on the total bile acid production rate. As shown previously [12] , colesevelam treatment significantly reduced FGF-19 concentrations in both the fasting and the postprandial states. We also found that fasting and postprandial FGF-19 concentrations were negatively correlated with CDCA and CA synthesis in type 2 diabetes before treatment. Studies in healthy participants have suggested that BA synthesis is regulated in part by FGF-19 [12, 48] , but a similar relationship in type 2 diabetes was not seen in a previous study [12] . FGF-19 has been shown to inhibit fatty acid synthesis in cultured hepatocytes [49] and bile acid sequestration in diabetic db/db mice resulted in an increase in DNL [3] . We did not, however, see an increase in DNL with colesevelam treatment in patients with type 2 diabetes. Thus, the defect in leptin signalling in the db/db mice may cause a metabolic shift toward fatty acid synthesis that colesevelam treatment exacerbates and that is unique to leptin deficiency. The lack of increase in DNL with colesevelam also suggests that any increase in plasma triacylglycerol seen with long-term colesevelam treatment in people with type 2 diabetes does not occur because of an increased contribution of newly synthesised fatty acids to circulating lipids.
In summary, the improvement in glucose control in type 2 diabetes with colesevelam was mediated through an increase in fasting plasma glucose clearance and an increase in glycolytic disposal of oral glucose. Colesevelam treatment also suppressed the rise in EGP and glycogenolysis seen in the placebo group in the fasting state. The improvement in glucose control with colesevelam was associated with increased GLP-1 and GIP concentrations. These effects suggest a predominant action of colesevelam on glucose homeostasis in the liver, distinct from the metabolic actions of metformin. Colesevelam also increased cholesterol synthesis and the proportion of bile acids derived from newly synthesised cholesterol, as expected, but unexpectedly had no effect on fractional DNL. The changes in glucose kinetics with colesevelam did not correlate with changes in bile acid and cholesterol kinetics, consistent with a previous report [12] . This suggests that effects on glucose control may be regulated independently from effects of colesevelam on lipid control.
